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Enhanced Quantum State Transfer via Feedforward Cancellation of Optical Phase Noise
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Many experimental platforms for quantum science depend on state control via laser fields. Frequently,
however, the control fidelity is limited by optical phase noise. This is exacerbated in stabilized laser systems
where high-frequency phase noise is an unavoidable consequence of feedback. Here we implement an
optical feedforward technique to suppress laser phase noise in the stimulated Raman adiabatic passage state
transfer of ultracold RbCs molecules, across 114 THz, from a weakly bound Feshbach state to the
rovibrational ground state. By performing over 100 state transfers on single molecules, we measure a
significantly enhanced transfer efficiency of 98.7(1)% limited only by available laser intensity.
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Robust control of quantum states with optical fields is
vital in many areas of modern physics. Depending on the
platform, this can be achieved with one-photon or two-
photon driving fields to perform both single-qubit and
entangling operations [1-3]. Control fidelities can be
enhanced by using pulse shaping schemes [4]. One widely
used technique is stimulated Raman adiabatic passage
(STIRAP) [5,6], which enables the transfer of population
between two discrete states via coupling to an intermediate
state. Notable advantages of STIRAP are that it is immune
to loss through spontaneous emission from the intermediate
state, and it is relatively insensitive to noise in experimental
conditions such as laser intensity [6]. This has led to
STIRAP finding important applications in superconducting
circuits [7], trapped ions [8], nitrogen-vacancy centers [9],
optomechanical resonators [10], optical waveguides [11],
and ultracold molecule synthesis [12].

Despite being less sensitive to laser amplitude noise,
STIRAP is inherently sensitive to fast laser phase noise as it
relies on the adiabatic evolution of a dark state [6,13]. To
minimize phase noise, lasers with narrow linewidths are
required. This is commonly achieved by actively stabilizing
the frequency of the light to a stable reference such as an
optical cavity. This process reduces phase noise at frequen-
cies within the bandwidth of the feedback loop, but can also
introduce additional noise at higher frequencies. This high-
frequency phase noise is colloquially known as the servo
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bump. As is generally the case in optical quantum control
[14], STIRAP is most affected by phase noise at frequen-
cies comparable to the Rabi frequencies of the driving
fields [13]. In many experiments, the servo bump and the
driving Rabi frequency are unavoidably close together
making this a challenge for high-fidelity control.

Filtering out the servo bumps may be achieved by
passing the light through one or more additional optical
cavities [2,15-18]. This technique is effective, but the
filtering is accompanied by a large loss in optical power.
A recently reported technique based on feedforward noise
cancellation has demonstrated a reduction in optical phase
noise without cavity filtering [19,20]. This approach
measures the variation of phase in real time and then
corrects the light sent to the experiment using an electro-
optic modulator (EOM). This method is significantly
simpler to implement and bypasses the power limitations
associated with filter cavities.

Here we deploy feedforward phase-noise cancellation
to significantly improve quantum state transfer, using
STIRAP in ultracold molecules as a testbed for the
technique. State transfer is an integral part of both the
formation and detection of ground-state molecules pro-
duced by associating atoms. Efficient STIRAP is critical in
applications where detection of the quantum state of
individual molecules is required, for example in quantum
simulation of spin models [21-27] or quantum information
storage [28,29]. Improved state transfer using STIRAP
would also be highly beneficial in providing increased
molecule number in other experiments, for example study-
ing strongly dipolar degenerate gases [30-33] or precision
measurement of fundamental constants [34-37].

In this Letter, we demonstrate the use of feedforward
(FF) to significantly improve quantum state transfer using
STIRAP. Specifically, we consider the transfer of ultracold
8Rb'¥Cs (RbCs) molecules between a weakly bound

Published by the American Physical Society
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FIG. 1. STIRAP with feedforward in ultracold RbCs mole-
cules. (a) Schematic of the STIRAP states and transitions.
Molecules are initially prepared and later detected in |F).
(b) Pulse scheme for two-way STIRAP (N = 2) and the asso-
ciated simulated populations of |F) (solid lines) and |G) (dashed
lines). The red (blue) lines indicate the expected transfer with
(without) the reduction in laser phase noise from FF. (c) A
simplified overview of the experiment. STIRAP of RbCs mol-
ecules in a tweezer array is achieved using two lasers, where FF
noise cancellation is applied to each laser independently using a
fiber EOM. The light is then amplified and combined before
being sent to the molecules. The direction of the bias magnetic
field (B) is orthogonal to the propagation direction of the STIRAP
beams as shown.

Feshbach state and the absolute ground state spanning an
energy gap of ~h x 114 THz [38]. We measure a transfer
efficiency of 98.7(1)% by performing over 100 one-way
transfers on a single molecule in an optical tweezer; to our
knowledge this is the highest reported transfer efficiency in
any ultracold polar molecule. We are able to reproduce our
results by simulating the state transfer Hamiltonian with
realistic laser phase noise and magnetic field instability
based on independent measurements in the experiment. The
model shows that our current efficiency is only limited by
the available laser power, and efficiencies approaching
99.9% are possible with realistic laser intensities.

Using STIRAP as the state transfer process for prepa-
ration and readout of ultracold molecules is generic to all
species formed from ultracold atoms [39-52]. Molecules
are prepared in a weakly bound Feshbach state |F), which
is coupled in a A scheme to the target ground state |G), via
a short-lived electronically excited state |E). We name the
laser coupling to |F) pump and that coupling to |G) Stokes,
as illustrated in Fig. 1(a). With the molecules prepared in
|F), pulsing on the off-resonant Stokes laser first initializes
the system in the dark state |D) = cos@|F) —sin6|G).
Here, 6 = arctan (Qp/Qg) is the mixing angle which
depends on the ratio of the pump Rabi frequency Qp

and Stokes Rabi frequency Qg. Smoothly ramping down
Qg while ramping up Qp preserves this dark state; this
coherently transfers the molecules from |F) — |G), as
shown in Fig. 1(b), without populating |E).

Lossless transfer requires extinguishing the matrix element
that couples the dark state to the bright state [53]. Specifically,
this requires [21’9 - ((/55 —p + ) sin 29] — 0 where 6 is
the two-photon detuning, and ¢q, ¢p represent the phase
noise of each laser. Each term sets a timescale for the
evolution of the system, and based on the theory outlined
in [13,53] the transfer efficiency # becomes dependent on the
pulse duration 7. When the peak Rabi frequencies of the
pump and Stokes fields are balanced (Qp = Qg = Q),
the overall efficiency after repeating the transfer N times is

Tadi T \N
n(T,N —exp<——— > . 1
( ) T Zaepn (1)

Here, 7,5 = n%y/? is the timescale of adiabaticity with y
being the decay rate from |E) and 74, is the dephasing
timescale, which includes the effect of laser phase noise and
any other noise source that causes detuning between the two
lasers. The maximum efficiency achievable is equal to
n(T") = exp (—2 Tadi/Taeph) Which occurs for a pulse time

T = /Tadi X Taeph- The peak efficiency approaches unity as
Tadi — 0 or Tdeph — 0.

Decreasing 7,4 requires increasing € by using higher
laser intensities. However, this also changes the frequency
components of the phase noise which contribute most to
Tgeph- This presents an experimental challenge for STIRAP
in molecule formation, where the large (typically,
~100 THz) energy gap from Feshbach state to rovibra-
tional ground state is bridged with two independent lasers
stabilized to optical cavities or frequency combs. The
stabilization typically produces a servo bump at the
~MHz scale which tends to coincide with the STIRAP
Rabi frequency. This problem of sensitivity to high-fre-
quency laser phase noise is generic to many platforms
where stabilized lasers are used for quantum control,
notably trapped ions [54] and Rydberg atoms [55,56]. In
this regime, improving state transfer efficiency requires
suppression of phase noise at frequencies above the
bandwidth of the feedback loop.

We use FF to cancel high-frequency noise with relatively
minor modifications to our pre-existing setup. Our STIRAP
laser system is based on two external cavity diode lasers
(ECDLs), each seeding its own fibre amplifier. The Stokes
laser operates at 977 nm and the pump at 1557 nm. Both
lasers are frequency-stabilized in the standard configura-
tion, using an offset Pound-Drever-Hall (PDH) lock to a
high-finesse optical cavity [57,58]. To perform FF, we add
a time-delay fiber and fiber EOM between each ECDL
and their respective fiber amplifier as shown in Fig. 1(d).
We take the error signal from the PDH lock, invert and
amplify that signal, and then feed that signal to the EOM.
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FIG. 2. Self-heterodyne measurement of the Stokes laser with
the cavity transmission. Noise power relative to the beat note
carrier is shown for feedforward off (dark blue) and feedforward
on (red). We also plot the detection noise floor for reference (light
blue), measured by blocking the cavity transmission. Residual
spikes in the FF on spectrum are believed to originate from
interference due to neighboring instruments. Inset: measured
suppression of sinusoidal frequency modulation as a function of
the gain of the FF amplifier, as described in the main text.

This modulates the light so that any high-frequency phase
is cancelled out [19,20]. Effective cancellation relies on
matching the amplitude of the modulation with the phase
noise on the light. It also requires that the light and the
electronic FF signal experience the same time delay
between the error signal detection and the modulation
[59]. Both of these requirements must be met over the
whole bandwidth where noise must be cancelled. A more
detailed description of the FF setup is given in the
Supplemental Material [60].

To quantify the performance of FF, we perform self-
heterodyne measurements of the phase noise of each laser.
We overlap the laser light with light transmitted by the
high-finesse cavity and detect the resulting beat note on a
photodiode. Here, phase noise at frequencies above the
cavity linewidth of 25 kHz can be considered to pertain
exclusively to the main laser path [61]. Example measure-
ments using the Stokes laser are shown in Fig. 2. In the
absence of FF, the servo bump can be seen at ~2 MHz. By
adding FF, we significantly reduce the magnitude of phase
noise at the servo bump by ~20 dB such that it becomes
comparable to the measurement noise floor.

When the FF is near optimal it is difficult to measure the
true phase noise due to the finite background noise.
Therefore to optimize the amplitude and delay of the FF
signal we add an artificial phase noise peak at 1 MHz by
modulating the current of the laser sinusoidally. The inset
of Fig. 2 shows the suppression that we measure using this
technique as a function of the gain of the inverting amplifier
before the EOM (FF gain). We measure a suppression of
29 dB when the amplifier gain is optimal. We find this to be
robust over time, though note it is susceptible to fluctua-
tions in the amplitude of the cavity reflection. This problem
can be addressed with an adaptive gain system [62].

We test the effect of FF on molecular state transfer using
single RbCs molecules confined to an array of optical
tweezers. The details of this apparatus have been described
previously in [63—-65]. Rb and Cs atoms in species-specific
tweezers are cooled to their respective motional ground
states, merged, and then associated by ramping over an
interspecies Feshbach resonance at 197.1 G [66,67], and
then transferred to |G) by STIRAP. We measure the fidelity
of STIRAP as part of the overall infidelity in formation of a
molecule in |G) from an atom pair, as explained in [65]. If
there is an error in forming a molecule and an atom pair
remains in the tweezer we detect this via pulling out Rb
atoms with a species-specific tweezer into a separate error
detection array. After the formation of the molecule, we
reverse the STIRAP and magneto-association and this time
separate the Rb atom into a different imaging array of Rb-
specific tweezers. Thus we are able to measure the
molecule recovery probability P, as the probability of
imaging Rb and Cs pairs conditioned on not imaging a Rb
atom in the error detection array. The STIRAP fidelity is
only one of many multiplicative factors in P,, and so to
make measurements more sensitive to STIRAP we perform
multiple state transfers on the molecule before dissociation.
To improve statistics we prepare arrays, and average over
up to six tweezers per shot.

The STIRAP light is focused onto the molecules with
waists of 72(3) pm for the Stokes and 63(3) pm for the
pump. The light propagates perpendicular to the applied
magnetic field that defines the quantization axis. Both
lasers are linearly polarized, with the Stokes polarized
perpendicular and the pump polarized parallel, to the
magnetic field. We can apply up to 110 mW of Stokes
light and 272 mW of pump light. By driving one-photon
Rabi oscillations as in [68] we measure the individual
Rabi frequencies of QF* = 1190(30) kHz and Qp** =
1170(20) kHz (see Supplemental Material [60]). The
intensity of each beam is modulated with acousto-optic
modulators to achieve STIRAP using the cos?-pulse shape.

To find the optimal pulse time, we take measurements of
the molecule recovery probability after N = 10 while vary-
ing T as shown in Fig. 3(a). We fit the data with Eq. (1) to
extract values of 7,4 and 74, We find good agreement
between our results and this model, with a sharp rise in
probability below T’ as the transfer becomes adiabatic, and
then a slow decay from decoherence as 7 increases further.
Comparing FF on and off, we see similar z,4; for both cases
as expected. We find 7,q; = 1.0(1) ps for FF on and 7,4 =
0.8(1) ps for FF off. In contrast, adding FF changes 7y,
significantly. Without FF 7.y, = 0.73(9) ms; however, with
FF active this is increased by nearly an order of magnitude to
Tdgeph = 5.0(6) ms. This dramatic effect shows that phase
noise is indeed the main limiting factor on 7, and with FF
on, the maximum transfer efficiency can peak higher.
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FIG. 3. Experimental results showing improved STIRAP using

feedforward. (a) Molecule recovery after N = 10 transfers with
varying STIRAP pulse duration 7, for FF on (red squares) and FF
off (blue circles). Solid lines show fits to the data using the model
given in Eq. (1). Dashed vertical lines indicate the optimum pulse
durations in each case. (b) Molecule recovery after an even
number of STIRAP one-way trips, with and without FF using the
optimal pulse durations shown in (a).

To more precisely determine the STIRAP efficiency, we
measure the molecule recovery probability as a function of
N as shown in Fig. 3(b). The transfer time is set to
maximize the efficiency, such that without FF 7T’ =
23.85 ps and with FF 7" = 45 ps. We perform a log-linear
fit to the results with the gradient indicating the efficiency
of each passage. The extracted efficiencies are 7,, =
98.7(1)% for FF on and nuy = 94.2(6)% for FF off.
These results can be expressed as a reduction in the transfer
error by a factor of 4.5(5). As STIRAP efficiency is an
important factor in the formation of molecules and is the
dominant error in their detection, this is an important step in
the quantum control of molecules. Bringing the error rate of
state transfer below ~1% is crucial in many applications
including high fidelity quantum simulation [69] and quan-
tum information storage [70].

To understand how higher efficiencies can be achieved,
we compare our results to a model of the STIRAP which
accounts for the main noise contributions in our system.
Our simulations are based upon the three-level model
described in [53]. The laser phase noise was simulated
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FIG. 4. Simulated error rate (1-57) of STIRAP as a function of
average maximum Rabi frequency Q = (Qp + Qg)/2. A red
circle (blue square) marks the experimental data for FF on (off) as
measured in Fig. 3(b). The measurement from our previous work
in [65] is marked by a black diamond. Error bars on the

experimental points are smaller than the marker size.

by extracting phase noise in angular units from the cavity-
laser beat note spectra in Fig. 2 in the same manner as [71],
and then initializing the noise to be the sum of sinusoids
matching the spectrum amplitudes and with randomized
phases. Lower frequency noise contributions are included
in the model as a randomized shot-to-shot two-photon
detuning. The largest contribution to this is from magnetic
field noise which we estimate causes a deviation of 30 kHz.
There is also a smaller contribution from the laser line-
width. We measure the linewidth of the Stokes laser to be
346(3) Hz from the half-width at half-maximum of a beat
measurement between our laser and an identical but
otherwise independent laser system. We assume that the
linewidth of the pump and Stokes lasers are the same. We
use the natural decay rate from the excited state which we
have previously estimated to be y = 35(3) kHz [68] and
neglect coupling to other states. More details of the noise
model can be found in the Supplemental Material [60].
The results of our simulation are presented in Fig. 4,
which shows the simulated STIRAP error rate (1 — ) as a
function of the average Rabi frequency Q = (Qp + Qg)/2.
At low Rabi frequencies, the magnetic field noise domi-
nates over the phase noise and efficiency is gained simply
by lowering 7,4, with no advantage to using FF. As Q
increases, the transfer becomes more sensitive to laser
phase noise. Without FF, this causes the error rate to
increase above ~700 kHz, tracing out the shape of the
servo bump. With FF on, the error rate decreases as a
function of Q, with no apparent impact from the servo
bump. We plot our measured error rates, along with those
from [65] as the markers in Fig. 4. We see good agreement
between the model and these experimental measurements.
Our model indicates that the efficiency can be further
improved by increasing Q, which is only limited by the
available laser intensity. Extrapolating out to a reasonable

253202-4



PHYSICAL REVIEW LETTERS 133, 253202 (2024)

value of Q = 4 MHz, we can see the FF has the possibility
of opening up an order of magnitude advantage in error rate
compared to the FF off and approaches an error rate of
1/1000. This would require an increase in beam intensity
of a factor ~20. This could be easily achieved by tighter
focusing of the STIRAP beams to waists sizes of 35 pm as
used in [68] combined with a modest increase in the laser
power to 500 and 300 mW for the pump and Stokes,
respectively, which are readily available with increased
amplification.

In conclusion, we have demonstrated the use of FF
suppression of laser phase noise to significantly enhance
state transfer efficiency. For the demanding test case of
ground-state transfer using STIRAP in ultracold molecules,
we achieve 98.7(1)% one-way transfer efficiency. This is
the highest reported in any ultracold molecule experiment
to date to our knowledge. By modeling the transfer in the
presence of experimental noise, we find that the efficiency
achieved is now limited by the available laser intensity. The
simulation implies that efficiencies approaching 99.9% can
be achieved with realistic changes to the beam waist and
laser power. Our results enable the state preparation and
readout of ultracold molecules with high fidelity which will
be crucial for future applications of ultracold polar mol-
ecules in quantum simulation and quantum computation.
Moreover, we anticipate that the techniques presented here
can be readily applied to any optical quantum control
scheme that is currently limited by phase noise on a
stabilized laser, such as, but not restricted to, qubit
operations in trapped ions [72] or Rydberg atoms [73].
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